A comparative study of the effects of cladding panel modelling  by Henry, R.M. & Stein, C.
A COMPARATIVE STUDY OF THE EFFECTS OF CLADDING PANEL MODELLING _- 
R. M. Henry, Assistant Professor 
C. Stein, Graduate Assistant 
Department of Civil Engineering, University of New Hampshire, 
Durham, New Hampshire 
Abstract. A study was done on the macroscopic effects on a frame's behavior 
whendding panels are structurally incorporated into the analysis. The 
following is a report on the effects of cladding panels on the natural 
vibration frequencies of a structural frame. The microscopic effects of 
the panel's inclusion, i.e. the stresses internal to the panel itself, are 
not studied. A two story, one bay frame with a single cladding panel at 
mid-height was used throughout the analysis. The cladding panel was 
represented by five different models; 4 noded, 16 DOF (degrees-of-freedom) 
rectangular finite element, 4 noded, 12 DOF rectangular finite element, 4 
and 8 noded quadrilateral plane stress elements with only two translational 
DOF at each node, and an analogous frame model. To analyze the effect of 
discretization on the results with each model, the cladding panel was 
subdivided into meshes varying from 1 to 16 elements. The results of each 
model with the various meshes were compared. Frame behavior as a function 
of panel height was also studied. Ratios of panel height to story height 
of 30%, 50%, 70% and 90% were used. The degree of fixity of the elements 
connecting the panel to the frame varied from a pinned connection to full 
fixity. The data indicates that incorporation of cladding panels results 
in a dramatic reduction in a structure's natural periods of vibration. 
Keywords. Cladding Panels, Computer Software, Dynamic Analysis, Finite 
Element Modeling. 
BACKGROUND 
Tall buildings often depend upon shear walls 
as the primary mechanism for developing a 
structure's lateral stiffness. Several 
finite element models have been developed 
which give a fairly accurate representation 
of a shear wall's behavior and its effects 
on a frame's structural response. This 
allows the enaineer to desian a safe, effi- 
cient building utilizing the cost benefits 
of these walls. Shear walls used in this 
manner therefore fulfill two roles: (1) 
they behave as structural elements, develop- 
ing internal forces to resist external 
lateral loads and (2) they enclose the 
building from the exterior environment. 
An alternate enclosure system often employed 
is the precast concrete wall cladding 
panel. Typically, this system consists of 
precast rectangular concrete panels connec- 
ted to a structural frame at discrete 
connector points. Unfortunately, little 
work has been done to determine the struc- 
tural effects on the connector elements and 
on the main structural members of a rigid 
frame shou1.d these panels be included as a 
structural component in a building's design. 
Thus, the usual design practice when enclos- 
ing a building with cladding panels is to 
detail the connectors such that these panels 
behave as nonstructural building components. 
The purpose of this ttiesis is to further 
study the linear dynamic behavior of the 
cladding and frame interaction for rein- 
forced concrete structures. A two story, 
one bay frame with a single cladding panel 
at mid-height was used as a test frame 
model, (Fig. 1). Five different models of 
the cladding panel were utilized during the 
study. They are Kost's (1974) 16 DOF finite 
element, Oakberg's (1969) 12 DOF finite 
element, Smith's (1981) analogous frame 
scheme, and 4 and 8 noded isoparametric 
finite elements with 2 translational DOF per 
node, (Fig. 2). The first three models were 
incorporated into the computer program LDYN 
for linear dynamic analysis. The program 
was oriainallv develoDed bv Henry (1980) and 
modified as needed. The last 2 models are 
widely accepted methods of analyzing plate 
behavior under plane stress loading situa- 
tions. These are used as an acceptable 
reference with which to judge the results of 
the first 3 models. All analyses using the 
4 noded and 8 noded isoparametric elements 
were done with the finite element analysis 
package; PAFEC. 
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CLADDING MODELS 
The intent of this analysis is to compare 
the effects of using various mathematical 
models of cladding panels when these panels 
are used as structural elements in a build- 
ing frame. Research has shown that under 
lateral loads, a cladding panel will func- 
tion primarily as a shear diaphragm. A 
model often used in representing shearing 
segments is the "deep beam element". In- 
this model. the width of the element is 
taken to be the width of the shear segment 
under study. Shearing deformations are 
included in the stiffness orooerties of the 
element. However, an underlying assumption 
here is that plane sections remain plane 
when the segment is distorted. Oakberg 
(1969) criticized this assumption as being 
unrealistic for shear segments, where 
warping of the cross segment tends to be 
important. In light of this and other con- 
siderations, the following criteria were 
used to select the models for the cladding 
panel: 
;I 
ability to undergo shearing distortion 
ability to warp along the element sides 
ability to model the 4 distinct con- 
nection points between the cladding 
panel and the column. 
The following are descriptions of the models 
selected. 
Model A -- 16 Degree of Freedom Finite 
Element 
Kost (1974) developed a plane stress, 4 
noded, rectangular finite element with 2 
translational and 2 in-plane rotational 
degrees-of-freedom (DOF) per nodel. This 
element can develop nonzero shear strains 
at its corners (Fio. 2). A cubic-linear 
displacement function was assumed in the 
element's derivation (cubic perpendicular 
to an edge and linear along an edge). This 
displacement function ensures compatibility 
with plane frame elements. 
The 16 DOF finite element needs to be modi- 
fied at the nodes where the connection ele- 
ment joins the panel to the framing members. 
Such modified elements have only three DOF 
at these nodes: two translations and one 
rotation. The stiffness matrix for such an 
element can be determined by requiring that 
the sum of the slopes of the two adjacent 
sides be equal to the rotation DOF of the 
beam element used to model the connector. 
The stiffness matrix for the modified 
element will be 15 x 15 instead of 16 x 16. 
This scheme can be expanded so that elements 
with anywhere from 16 to 12 degrees of 
freedom may be developed. 
Model B -- 12'Degree of Freedom Finite 
Element 
A finite element which also permits cross- 
sectional warping along its edges was de- 
veloped by Oakberg (1969). It is a 4 
noded, plane stress rectangular finite 
element with .3 degrees of freedom per node: 
two translations and one rotation (Fig. 2). 
It is different from the 16 DOF element in 
that the adjacent edges of each corner on 
the 12 DOF element experience the same 
rotation. Thus, the shear strain is zero at 
the four corner nodes of this element. A 
cubic-linear displacement function (cubic 
perpendicular to an edge and linear along 
the edge) was used to develop the 12 DOF 
element. This displacement function ensures 
compatibility with a plane frame element at 
all four nodes. Thus, no further modifica- 
tions were necessary for the common node 
shared with a connector element. 
Model C -- Analogous Frame Model 
Smith (1981) developed an analogous frame 
model to represent shear wall segments. The 
model consists of three vertical members 
connected to two flexurally rigid horizontal 
beams (Fig. 2). The vertical members 
include a column with a hinoe at mid-height 
positioned at the centroidai line of the- 
wall segment and a pair of truss elements 
along the outside vertical edges of the 
model. The horizontal beams are rigidly 
connected at the top and bottom of the 
column and hinaed to the outside links. The 
modulus of ela;ticity (E) for the original 
wall segment and the analogous frame members 
is the same. 
The shearinq resistance of the model is 
developed by contraflexural bending of its 
central column. The flexural stiffness of 
the column is derived by equating the 
shearing stiffness of the segment to that of 
the analogous frame. The analogous frame 
responds to a bending moment by developing 
axial forces in the outside truss members. 
This produces a couple equivalent to the 
applied moment. Equating the moments of 
inertia of the model and the wall segment 
yields a cross sectional area of each truss 
element. The axial stiffness of the frame 
model is obtained by setting the total cross 
sectional area of the truss and column 
elements equal to that of the wall segment. 
Thus, using the value obtained for the truss 
area one obtains the cross sectional area of 
the column. 
Models D and E -- Four and Eight Noded 
Isoparametric Elements 
The last two models used in this analysis 
are plane stress isoparametric finite 
elements. They have only two translational 
degrees of freedom at each node and no 
associated rotational stiffness, (Fig. 2). 
The element formulation and stiffness 
matrix derivation for these elements are 
documented in many finite element texts and 
are not repeated here. They are widely used 
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in engineering practice and available in 
many conercial structural analysis pro- 
grams, (STRUDL, PAFEC, NASTRAN etc.). 
The Connectors 
The connectors used to attach the panel to 
the main frame are short beam elements. 
Three types of connectors are used: 
1) Fixed - both ends of the connector are 
fixed against rotation. 
2) Hinged - the end attached to the 
column is fixed while the end attached 
to the panel is pin connected. 
3) Simple - the end attached to the 
column is pinned while the end attached 
to the panel is spring connected. The 
spring connection used has a 10% fixity 
against rotation. 
Finite joint effects are included in the 
derivation of the stiffness properties of 
the connectors. Finite joint effects are 
due to the fact that the connectors are 
attached to the outside face of the columns. 
This produces an eccentricity with respect 
to the column centerline. 
TEST MODEL 
General Properties 
Throughout the analysis a single bay, 2 
story frame is used as a test model (Fig. 
1). The moment resisting frame has a story 
heioht of 10 feet and a bav width of 20 
feet. The columns and beams are modeled as 
normal weight reinforced concrete.sections. 
The connectors are steel plates with a 
horizontal length of 4.5 inches and have a 
5 inch eccentricity with respect to the 
centerline of the columns to which they are 
joined. A precast concrete panel with a 
thickness of 5 inches was used as a model 
for the exterior cladding. 
LDYN Proqram 
LDYN is a computer program which was used to 
perform the dynamic analyses of several test 
models. The program incorporates the mathe- 
matical representation for models A, B, and 
C for the cladding panels. The program can 
discretize the cladding panel into meshes of 
1 to 16 elements in any rectangular pattern 
desired. 
LOYN performs a linear dynamic analysis. It 
is used to find the lowest natural periods 
of vibration of the frame. LDYN considers 
only the lateral displacement and inplane 
rotation of each joint. Axial deformations 
are considered to be small and are thus 
neglected (Fig. 1). A consistent mass 
matrix was used for the beams and columns, 
while a lumped mass approach was used to 
develop the mass matrix for the cladding 
panels. Using the shape function [N] 
developed for each element discussed above, 
the individual coefficients of a distributed 
mass matrix are found by evaluating the 
following intergral: 
[Ml = Cdp CNI dv 
Using a technique recommended by 
Zienkiewicz (1976), the diagonal 
Hinton and 
elements of 
the above matrix are evaluated and scaled so 
that the total mass of the original element 
is preserved. The end result is a diagonal 
mass matrix for each model. 
The intent of this study is to evaluate the 
effects of several mathematical models on 
the behavior of the frame. To isolate the 
effects of the various models' stiffnesses 
on the frame's natural frequency, only the 
mass matrix developed for Model A was used 
in all LDYN analyses. Thus, differences in 
natural frequency are not attributable to 
any mass effects and arise only because of 
differences in stiffness between models. 
The lowest natural frequencies were obtained 
by using a variation of the power method of 
iteration (Corr. 1976). This is a numerical 
technique often-used to find the largest 
eigenvalues of a matrix. In a structural 
dynamic analysis, it is usually the lowest 
frequencies which are of interest. There- 
fore the eigenvalue obtained was equal to 
the square of the inverse of the frequency 
so that the lowest natural frequencies could 
be accurately obtained. 
PAFEC 
PAFEC is commercially available finite ele- 
ment analysis package.' This program is used 
to analyze the frame under study when the 
cladding is modelled by the four or eight 
noded isoparametric finite elements. These 
finite elements have only two translational 
DOF at each node and no rotational stiffness 
is developed at the node. Thus, a problem 
encountered when using these elements to 
represent a cladding panel is to model a 
rigid or semi-rigid connection between the 
cladding panel and the connector elements. 
This problem was solved in the following 
manner. 
PAFEC possesses the ability to define a 
degree of freedom in a structure as a linear 
combination of other degrees of freedom. 
Therefore the rotation in the panel element 
at the node in common with the connector 
element is defined as the difference in the 
lateral movement of two vertically adjacent 
nodes divided by the vertical distance 
between these nodes. One assumption made is 
that the deflections of the nodes are 
"small". A second assumption is that very 
little warping occurs between the panel's 
adjacent nodes near the connection point. 
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It would seem that this second assumption 
becomes more valid as the cladding panel is 
further subdivided into finer meshes. 
RESULTS 
The purpose of this study is to evaluate the 
effects of cladding panel modelling on 
structural frame behavior so that a suitable 
mathematical representation of cladding 
panels may be selected for a particular 
situation. Little work has been published 
in this area, thus leaving an engineer 
virtually no information with which to 
confidently design an integrated cladding- 
frame system. In an attempt to shed some 
light on this topic, the following questions 
are addressed: 
1) What degree of panel discretization is 
required for when the various cladding 
models are utilized? 
2) How do the models selected to idealize 
the cladding panel modify the dynamic 
behavior of the frame? 
3) How does frame behavior change as the 
cladding panel's depth/width ratio is 
changed? 
4) What are the effects of changing the 
fixity of the connector which attach 
the panel to the columns of the main 
frame? 
The plane frame described in the basic test 
model is used in all the analyses. The 
structural behavior of the five cladding 
models previously described was studied"by 
varying the depth of the panel, the mesh 
used to subdivide the panel, and the fixity 
of the connectors which join the panel to 
the main frame. 
A comprehensive program of computer analysis 
was developed to address these questions, 
involving over one hundred and fifty compu- 
ter models. The results are as follows. 
Mesh Analysis 
The effect of panel discretization on the 
frame's lowest natural frequency of vibra- 
tion is first studied. In this phase of the 
analysis, a constant panel depth of 5 ft. 
corresponding to a depth/width ratio of 50% 
is used. All four connectors are fixed-- 
connector elements are rigidly attached to 
both the column and the panel. 
Figure 3 shows the effects of panel dis- 
cretization on the frame's fundamental fre- 
quency of vibration. Table 1 presents the 
natural frequencies as a fraction of the 
results of the 4 x 4 mesh. 
The results show that the greatest percent- 
age change in natural frequency occurs when 
switching from a 1 x 1 mesh to a 2 x 2 mesh, 
Beyond a 2 x 2 mesh, the results remain 
essentially unchanged. 
The frame's fundamental frequency of vibra- 
tion varies with each of the cladding models 
used. Table 2 presents the intermodel 
differences in the natural frequency of 
vibration of the frame studied. The re- 
Table 1 Mesh Comparison (wN~~,/w~~~) 
Analogous Isoparametric 
N 1600F 1200F Frame 8 Node 4 Node 
4x4 1.00 1.00 1.00 1.00 1.00 
3x3 1.01 1.01 1.01 1.01 1.01 
2x2 1.02 1.02 1.03 1.01 1.02 
1x1 1.08 1.07 1.06 1.04 1.04 
(fixed connector; depth/width = 50%) 
sults from a 4 x 4 mesh of 8 noded isopara- 
metric elements are chosen as the base 
value. The natural frequencies from the 
other models are presented as a fraction of 
the base model's results. 
The results show the following trends. The 
16 DOF, 12 DOF and 4 noded isoparametric 
models all behave very similarly. The 
analogous frame and 8 noded isoparametric 
model again give comparable results. The 
greater flexibility of the latter two 
models produces a consistently lower natural 
frequency of vibration in every mesh. 
However, the discrepancies in Table 2 are at 
greatest 12 percent. Thus, the differences 
between the models has only minor effects on 
the frame's fundamental frequency of vibra: 
tion. The implication of this result shall 
be discussed later. 
Table 2 Model Comparison 
('ii"8 node, 4 x 4 mesh 1 
4x4 '3x3 2x2 1x1 
8 Noded 
Isoparametric 1.00 1.00 1.01 1.04 
16 DOF 1.05 1.05 1.07 1.12 
12 DOF 1.05 1.06 1.07 1.12 
Analogous 
Frame 1.01 1.02 1.03 1.06 
4 Noded 
Isoparametric 1.03 1.03 1.05 1.07 
(fixed connector; depth/width 50%) 
Perceni Fill and Connector Fixity Analysis 
The effects of varying both the panel's 
height and the fixitv of the connector 
elements which join ihe panel to the columns 
are discussed next. The measure of panel 
height is termed "percent fill", and refers 
to the ratio of panel height to story 
height. A 10 foot story height is used 
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throughout the analysis. Thus, a 3 foot 
high panel would have a fill ratio of 30%. 
Four different panel heights are used in 
this phase of the analysis corresponding to 
30%, 50%, 70% and 90% fill ratios. Three 
different states of connector fixity are 
used with each percent fill. These con- 
nections have been described earlier. A 4 x 
4 mesh is employed ineach test. 
The natural frequency of the frame, for a 
given cladding model, remains virtually the 
same when either a "fixed" or a "pinned" 
connector element is used. Figure 3 shows 
the frequency decreasing slightly when a 
simple connection is used. This figure 
demonstrates that panel height has the 
greatest impact on the frame's dynamic 
response. 
Table 3 compares the natural frequencies for 
the various models against the 8 noded 
quadrilateral's results for a given percent 
fill. The "fixed" connector results are 
presented. 
Several trends develop in Table 3. The 16 
DOF and 12 DOF models cause the frame to 
have a consistently higher natural frequency 
than does the 8 noded model. The analogous 
frame results agree well with the base model 
results at a 30% fill and converge towards 
the 16 DOF results with increasing panel 
height. The 4 noded isoparametric model's 
results do the opposite, agreeing well with 
the 16 OOF results at low fill ratios and 
converges towards the 8 noded element's 
results with increasing percent fill. 
Table 3 Model and Percent Fill Comparison 
( ? 'w8 node) 
Analogous 4 Node 
16 DOF 12 DOF Frame Quad. 
30% Fill 1.04 1.05 0.98 1.07 
50% Fill 1.05 1.05 1 .Ol 1.03 
70% Fill 1.05 1.05 1.03 1.01 
90% Fill 1.05 1.05 1.05 1.01 
("fixed" connector; 4 x 4 mesh) 
CONCLUSIONS 
The first conclusion drawn from the results 
concerns the manner in which a cladding 
panel should be subdivided so that the mesh 
used gives sufficiently consistent answers. 
Bathe (1982) and Gallagher (1975) have shown 
that approximate solutions, such as finite 
element methods, approach the exact solution 
as the number of elements chosen to model a 
structure increases. Upon further investi- 
gation it was found that the consistency of 
results is also a function of a model's 
length to width ratio. Thus it is concluded 
that the mesh selected when using one of 
these models should be proportioned such 
that each rectangle is as square as pos- 
sible. A 2 x 2 mesh of square elements 
seems to be a sufficient model for many 
situations. It is suggested that at least 
two elements be used in each direction. 
Another conclusion drawn from the inter- 
model comparisons is that the frame's 
fundamental frequencies do not vary con- 
siderably when only the cladding model is 
changed. The magnitude of the natural 
frequency varies by a maximum of 7 percent 
provided a 2 x 2 or finer mesh is used. 
Since the variation in fundamental frequen- 
cies is small, one may conclude that all of 
the cladding models produce a similar 
macroscopic structural effect on the frame. 
The final conclusion to be drawn concerns 
the desirability of one model over another. 
Throughout the analysis, the 16 DOF and 12 
DOF models produce virtually identical 
results. Thus, the less complicated 12 DOF 
model is preferable to the more complex 16 
DOF model when analvzina fundamental fre- 
quencies. The 4 no'bed isoparametric model 
is preferred over the 8 noded model for the 
same reason. These models are less complex 
in that they require the use of less com- 
puter memory and result in faster, less 
expensive analyses. 
The difficulties of modelling a rigid or 
semi-rigid connection between the cladding 
panel and connector elements is another 
consideration. Using the two isoparametric 
models with rigidly attached beam elements 
requires the preparation of elaborate data 
files in the PAFEC analyses. LDYN was 
greatly complicated by the need to develop a 
generalized mesh generation algorithm which 
could modify the 16 DOF model at the con- 
nection nodes. No such problems arise when 
using the 12 DOF or analogous frame models, 
hence making them more convenient to use. 
The analogous frame model is unique in being 
the oniy non-finite element model used in 
this analvsis. Its behavior closely paral- 
lels the behavior of the other four-cladding 
models. One drawback of this model is the 
number of degrees of freedom (20 OOF) 
required for each so called "element“. 
However, the ease of using it with any 
structural analysis computer program makes 
the analogous frame a very convenient and 
useful model. 
Thus, the 12 DOF, analogous frame and 4 
noded isoparametric models emerge as those 
most suited for this type of analysis. An 
engineer faced with selecting one specific 
model should do so based upon convenience. 
Most finite element programs include the 
four noded isoparametric model in their 
library of elements. If one were limited to 
commercial programs and both the analogous 
frame and 4 noded isoparametric models were 
accessible, it is recommended that use of 
the analogous frame for its ease of input 
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data preparation. The 12 DOF model is 
recomnended to anyone developing a new 
program. This model gives consistent 
results and requires no modifications to-its 
stiffness matrix when rigidly joined to'a 
beam or when used in a mesh. 
Additional work is now being done on the 
effects of the cladding models with respect 
to linear and nonlinear static analyses. 
Cladding Panel 
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